The tetracycline (TC)-resistant Streptococcusfaecalis strain DS-5C1 harbors two plasmids designated a and y with molecular masses of approximately 6 and 35 million daltons, respectively. TC-sensitive variants were derived by storing cells at 450 for 2-3 weeks. 1720
Analysis of covalently closed circular DNA from five such variants (derived independently) revealed that in each variant the a-plasmid, which normally sediments at 28 S (supercoiled) in a sucrose density gradient, was replaced by a 22S substance.
Growth of DS-5C1 in the presence of 150 ttg/ml of TC (minimum inhibitory concentration is 250 pg/ml in liquid broth) for a prolonged period of time (50-60 generations) resulted in the disappearance of 28S DNA and the appearance of a heterogeneous covalently-closed circular DNA sedimenting at about 40-48 S. This phenomenon was accompanied by an increase in the level of bacterial TCresistance, whereby the minimum inhibitory concentration for TC went from 250 gg/ml to 500 ug/ml. When the cells were subsequently grown in the absence of TC for 70-80 generations, the heterogeneous DNA disappeared and a typical 28S a-plasmid reappeared. The cells also became less resistant to TC, i.e., the minimum inhibitory concentration returned to 250 ,Ag/ml. These data suggest that bacterial growth in the presence of TC results in a reversible gene amplification with respect to a TC-resistant determinant residing on the aplasmid.
Over the past few years research in our laboratory has been concerned with studies on the nature of various bacterial plasmids in the genus Streptococcus (1) (2) (3) . We have recently isolated and characterized three plasmid DNA molecules harbored by Streptococcus faecalis strain DS-5, a clinical isolate resistant to erythromycin and tetracycline (TC) (2) . Designated a, ,, and Sy, the plasmids have molecular masses of approximately 6, 17, and 35 million daltons, respectively. The f3-plasmid was found to be associated with erythromycinresistance, since erythromycin-sensitive variants lacking this plasmid could be derived by growing cells in the presence of the "curing" agent, acridine orange (2) . We now provide evidence that tetracycline-resistance is associated with the a-plasmid and show that prolonged growth of cells in the presence of tetracycline results in an increase in the size of this plasmid. This change is accompanied by an increase in bacterial drug resistance.
MATERIALS AND METHODS
Materials. The reagents, and their sources were, for the most part, as previously described (2) Bacteria and Media. Streptococcus faecalis strain DS-5C1, an erythromycin-sensitive derivative of strain DS-5, contains the a-and -y-plasmids and has been previously described (2) . It is resistant to TC; the minimum inhibitory concentration (MIC) of the drug is 250 ug/ml in liquid broth. The strain is also resistant to kanamycin (MIC = 250 /Ag/ml) and streptomycin (250 /Ag/ml). The latter two resistances were not indicated previously, and it is not as yet known if they are related to the aor -y-plasmids. The strain has also been found to be hemolytic on horse and rabbit blood agar plates but not on sheep blood plates; thus, the strain is actually a zymogenes variant of S. faecalis.
Difco Penassay broth was used as a broth medium in both liquid and agar forms. Unless otherwise indicated, cells were grown at 370 and turbidity was measured in a Klett-Summerson colorimeter with a no. 54 filter.
Derivation of TC-Sensitive Variants. Tetracycline-sensitive variants, e.g., strain Cl-Cl, were obtained as follows: 5 ml of a fresh broth culture was allowed to grow overnight at 450 (no shaking). The 450 culture was then maintained at this temperature for 2-3 weeks, at which point the viability corresponded to 1 to 5 X 106 colony forming units/ml. The cells were then plated on agar medium and subsequently replica-plated onto plates containing 75 ,g/ml of TC. The percentage of colonies that were sensitive to TC varied from experiment to experiment ranging from about 1% to as high as 80%.
Preparation of Lysates. The lysis procedure (2) basically consisted of treating cells with EDTA-lysozyme and then Pronase, followed by lysis with Sarkosyl. Centrifugation Procedures. Dye-buoyant density centrifugation and sucrose density gradient centrifugation, fractionation of gradients, and the counting of radioisotopes were as described (4, 5) . For both types of gradients, the recoveries of the applied radioactive material were greater than 90%.
RESULTS
Tetracycline-sensitive derivatives of S. faecalis strain DS-5C1 were reproducibly obtained after incubation at 450 for 2-3 weeks. The minimum inhibitory concentration (MIC) of TC for these derivatives was 60 ug/ml in liquid broth (as compared to 250 ,ug/ml for the parent). The plasmid content of such derivatives was examined by growing a TC-sensitive strain Plasmid DNA in Streptococcus faecalis 1721 (strain Cl-Cl) in liquid broth in the presence of ['Hithymidine. In a parallel culture, strain DS-5C1 was grown in the presence of [I4C]thymidine. After harvesting, the cells from the two cultures were mixed and lysed. Covalently closed circular (CCC) DNA was isolated by the dye-CsCl buoyant density gradient procedure ( Fig. 1A ) and analyzed by neutral sucrose density gradient centrifugation. The result ( Fig. 1B) indicates that there are still two plasmid components present in the TC-sensitive strain but a 22S molecule has taken the place of the 28S CCC DNA that is representative of the normal a-plasmid. (The 58S and 38S peaks represent, respectively, the CCC and nicked circular forms of the y-plasmid.) Analysis of similarly prepared material by centrifugation on alkaline sucrose density gradients and by electron microscopic examination confirmed that the slower sedimenting DNA represents monomer units of CCC DNA (data not shown).
Using the equation of Bazaral and Helinski (6), a 22S CCC molecule corresponds to a molecular mass of 3.7 X 106 daltons.
By the same equation, the parent 28S a-plasmid has a molecular mass of 6.5 X 106 daltons. A similar result was observed with four other TC-sensitive derivatives, each obtained independently from separate single colony isolates of DS-5C1.
In experiments where 'H-labeled plasmid samples of these four additional derivatives were mixed separately with a 14C_ labeled sample of Cl-Cl DNA, a precise cosedimentation was observed at 22 S in each case. So far we have not observed a sensitive variant totally devoid of the smaller plasmid. There is no apparent difference in the y-plasmid which has a 58S CCC (supercoiled) form and a 38S open (nicked) circular form, of the TC-sensitive organisms and the parent. Thus, it appears that the TC-sensitive derivatives are generated as the result of a 2.8 million dalton-deletion in the a-plasmid. The deleted segment must include the TC-resistance determinant.
Whereas the MIC of TC for strain DS-5C1 is 250ug/ml in liquid broth, cellular growth does occur, albeit slowly, in the presence of 150,ug/ml of TC. Therefore, a culture of DS-5C1 was subcultured daily for 6 days in the presence of 150
Ag/ml of TC and then labeled with ['H thymidine for approximately 3 generations. The cells were then harvested and mixed with similarly prepared cells which had been subcultured in parallel in the absence of drug and then labeled with [14C]thymidine. A lysate was made and CCC DNA was isolated and analyzed by a neutral sucrose density gradient centrifugation. The result ( Fig. 2A) indicates that the cells grown in the presence of drug lack the normal homogpneous 28S peak corresponding to the a-plasmid; in place of the a-plasmid, a heterogeneous material sedimenting in the range of 40-48 S is observed. This corresponds to a molecular mass range for CCC DNA of 15-23 X 106 daltons. The CCC nature of this substance is confirmed by the alkaline gradient ( Fig. 2B ) in that a peak is observed to sediment in a position between the ac0c and yem, forms.
It was also found that after the six transfers (which we estimate to be equivalent to a total of 50-60 generations) in the presence of drug, the MIC increased to 500 ug/ml, whereas, the parallel control culture was still totally inhibited by 250 ,ug/ml of TC. When the cells were subsequently transferred eight times but now in the absence of drug, the MIC returned to normal and was accompanied by a reappearance of 28S a-plasmid ( Fig. 2C and D) . Thus, there appears to be a relationship between the MIC of TC and the size of the a-plasmid. was grown for several generations in the presence of ['H]thymidine (150 uCi) in 15 ml of broth. The cells (in log phase) were then chilled, collected by centrifugation, and mixed with similarly prepared cells from a culture of strain DS-5C1 grown in [I4C]thymidine (15 ACi). The cell mixture was lysed by the Sarkosyl procedure, and a l-ml sample of the lysate was spun to equilibrium at 40,000 rpm in a Beckman 50 Ti rotor for 60 hr (at 150) in a CsCl-ethidium bromide buoyant density gradient. The gradient was fractionated and the radioactivity in 0.05-ml samples of each fraction was determined. The result is shown in (A). Fractions containing the satellite DNA (fractions 13 and 14) were pooled, dialyzed, and a 0.2-ml portion was centrifuged through a 5-20% sucrose density gradient in an SW50.1 rotor (at 150) at 48,000 rpm for 60 min. The radioactivity profile of the fractionated gradient is shown in (B). The14C radioactivity reflects the typical plasmid profile for strain DS-5C1 for these conditions of sedimentation, and the peaks are labeled with respect to their known relative S values. The 58S and 38S peaks correspond to the CCC and nicked circular forms of the y-plasmid, whereas the 28S peak represents the normal CCC a-plasmid. The -y-plasmid, being relatively large in size, tends to acquire spontaneous nicks much more readily than the smaller a-plasmid.
The size alteration of the a-plasmid during growth in TC is not immediate. When cells previously cultured in the absence of TC were labeled with ['Hlthymidine for 3 generations in the presence of 150 Mg/ml of TC, the a-plasmid still appeared to be of normal size. Similarly, when cells were grown for a number of transfers in the presence of 150 ,ug/ml of TC and then labeled for 3 generations in the absence of drug, the larger heterogeneous CCC DNA was still the major component.
The doubling time of DS-5C1 in broth containing 150,Mg/ml of drug, after the cells have been previously transferred six IG. 2. Analysis of plasmid DNA from cells after prolonged growth in tetracycline. Strain DS-5C1 was grown overnight in 5 ml of broth at 370 (no shaking). A 0.005-ml portion of this culture was then used to inoculate two 5-ml amounts of broth, one of which contained tetracycline at a concentration of 150 ,ug/ml. After growth overnight, a portion (0.005 ml) from each culture was used to inoculate another 5 ml of a medium identical to that in which it had been growing, and again the cultures were incubated overnight. The cultures were subsequently subcultured daily in this manner. After 6 days, a sample of the tetracyclinegrown cells was used to inoculate 15 ml of broth containing 150 ,g/ml of tetracycline and [3H] thymidine (200 ,ACi). At the same time, a sample of the cells growing in parallel in the absence of tetracycline was used to inoculate 15-ml of broth containing [I4C]thymidine (30 , Ci) . While in log phase, the cultures were chilled, collected by centrifugation, mixed, and lysed by the Sarkosyl procedure. A 1-ml portion of the lysate was centrifuged to equilibrium in a CsCl-ethidium bromide buoyant density gradient, and the separated satelite CCC DNA was dialyzed and analyzed on a neutral (A) and alkaline (B) sucrose density gradient. The neutral gradient was run under the same conditions as described in the legend of Fig. 1 . The alkaline gradient was run for 25 min. After six transfers in the presence of TC, a 0.005-ml portion of the above cells was inoculated into 5 ml of broth without drug. Eight daily transfers were subsequently carried out, all in the absence of drug. As before, the control cells which had never been exposed to TC were transferred in parallel. The cells were again labeled as before and their plasmid DNA analyzed. (C) and (D) represent neutral and alkaline sucrose density gradients, respectively. yccc and 'Yoe represent covalently closed and open (nicked) y-plasmid DNA, respectively. accc represents covalently closed a-plasmid DNA. times in the presence of drug (150 ,g/ml), was about 80 min, as compared to a doubling time of about 35 min for cells grown (pre-exposed or not pre-exposed to drug) in drug-free medium. The doubling time in broth containing 150 ug/ml of drug for cells that were not pre-exposed to drug was about 600 min during the first 3 generations.
TIME (MINUTES)
FIG. 3. Demonstration of a constitutive expression of tetracycline resistance. An 80-ml culture of strain DS-5C1 that had been growing for several generations in log phase was divided into two 40-ml portions and 5 ,g/ml of TC added to one of these.
After 15 min of further incubation, each 40-ml portion was divided into four 10-ml portions. The latter cultures were challenged with different amounts of TC as indicated (jug/ml). (A) represents cells that had not been pre-exposed to TC. (B) represents cells pre-exposed to 5 ,ug/ml of TC for 15 min. In (B), the indicated "challenge" levels of TC do not include the 5 ,ig/ml of TC that was already present prior to their addition.
Tetracycline-resistance in DS-5C1 does not appear to be inducible since a short exposure to a subinhibitory concentration of drug does not result in a rapid increase in drug resistance. When a broth culture incubated in the absence of drug was challenged with as much as 60 ,g/ml of TC, very little effect on the growth rate was observed (Fig. 3A) . However, a dramatic inhibitory effect was observed at 120 ,Hg/ml. When cells grown in parallel were preincubated with 5 Asg/ml of TC for 15 min before being challenged with higher concentrations of drug ( Fig. 3B ), the cells responded in a manner similar to that of cells that had not been pre-exposed to the low level of TC, although some increase in inhibition was observed with 60 ug/ml (actually 65 ,ug/ml when the 5 ug/ml of preincubation concentration is included). Similarly, in a separate but essentially identical experiment, no increase in resistance was observed when cells were preincubated with 2 ug/ml of TC. In addition, a 15 min pre-exposure to 60 ug/ml of TC followed by challenge with an additional 60 ug/ml (total now 120 ,ug/ml) resulted in an inhibition equal to that of cells that were not pre-exposed to drug and that were challenged with 120 ,g/ml.
DISCUSSION
Tetracycline-resistance in S. faecalis strain DS-5C1, as shown here, is associated with the smaller of two plasmids harbored by this strain. In five independently derived TC-sensitive variants, the a-plasmid was found to acquire a deletion amounting to, in each variant, a loss of about 2. daltons of DNA. Prolonged cell growth (50-60 generations) in the presence of TC resulted in the disappearance of the "normal" 28S CCC a-plasmid and the appearance of larger heterogeneous CCC plasmid DNA. This increase in plasmid size was accompanied by an increase in cellular resistance to TC. Both phenomena were reversed by subsequent growth of cells in the absence of drug.
Tetracycline-resistance is generally believed to involve the bacterial membrane and a reduction in drug permeability, although very little is known about the actual mechanism (7) (8) (9) (10) (11) . In most reports dealing with this subject, TC-resistance has been found to be inducible (7, 10, 11) . However, in our streptococcal strain DS-5C1, resistance appears to be constitutive under the conditions used for examining this point, since preincubation of cells with various subinhibitory concentrations of TC failed to increase the level of TCresistance. We suggest that the increase in drug resistance observed during prolonged cellular growth in the presence of TC is related to the selection of cells that have an increased gene dosage involving the TC-resistance determinant on the a-plasmid. This genetic amplification is reflected in the increased molecular mass of the plasmid and the size heterogeneity stems from the different degrees of redundancy present in different members of the population. Return to the "normal" state of the a-plasmid after subsequent growth of cells in the absence of drug suggests that the amplified state is unstable and/or perhaps the excess genetic information confers on the cell a physiological disadvantage.
In Figs. 4 and 5 are presented two models, each of which attempts to explain the above mentioned phenomena. In both models, an assumption is made that the a-plasmid DNA molecule has two regions of homology between which exists that segment of DNA containing the TC-resistance determinant. This important assumption is based on the fact that (Fig. 4a) . A partially replicated molecule is shown in (b). An uneven recombinational event between the two homologous regions (c-f) ultimately results in the generation of two daughter moleculesone of which has a deletion whereas the other has a gene duplication. Polygenic DNA could be generated by repeats of this process.
the generation of TC-sensitive variants repeatedly involves the deletion of a 2.8 million dalton segment of DNA. Model I (Fig. 4) suggests that a recombinational event occurs between the two homologous regions on the plasmid, resulting in the "looping-out" of a segment of DNA containing the TCresistance determinant (Fig. 4a-c ). Presumably this segment would be incapable of maintaining itself and would be lost by segregation during cell division, giving rise to a drug-sensitive variant. However, this deleted segment of DNA could undergo a second recombinational event either with the original plasmid, involving a reversal of the deletion event, or with another intact a-plasmid. Such intact a-plasmids should be readily available for interaction, since there are at least nine copies of these molecules per chromosomal genome equivalent (2) .
The latter event would result in a plasmid with two identical regions of DNA containing the resistance determinant ( Fig.  4d-f ). Repeated recombinational events of this type could lead to larger molecules containing polygenic DNA. A return to the original state would occur by "looping-out" the redundant determinants.
Model II (Fig. 5 ) depicts the occurrence of an uneven recombinational event between the two homologous regions in a partially replicated plasmid molecule ( Fig. 5a-d) . One of the resulting daughter molecules would have a missing segment, whereas the other would have a duplication involving that same segment (Fig. 5d-f ). Greater redundancy could be generated by repeating this process. The mechanism also allows for a reversal of the amplification events. Both of the above models appear equally plausible to us at this time, and it is possible that the observed phenomena Proc. Nat. Acad. Sci. USA 72 (1975) could even represent a combination of these processes. They both involve recombinational events which in our view occur under "normal" (nonselective) growth conditions at a low frequency (probably on the order of 10-2-10-3 per generation). The resulting recombinant forms would be selected for under abnormal conditions such as those presented during growth in the presence of TC or incubation at 45°. In applying either of the models to the experiment shown in Fig. 2 , where "amplified" a molecules were found to have a molecular mass of 15-23 million daltons, it can be estimated that there would be four to seven copies of the TC-resistance determinants present on each molecule.
It is possible that some of the molecules represented by the "enlarged" ("amplified") DNA are oligomers of the complete a-plasmid. We feel, however, that the sedimentation values of the different oligomers would be easily distinguished from each other (e.g., dimers,-trimers, and tetramers would have corresponding sedimentation coefficients of 38 S, 45 S, and 51 S). Since molecules of such distinct sizes were not resolved on the sucrose gradients, they would have to represent a very minor component of the total (if they are indeed present at all). We believe the generation of such forms is not an important part of the amplification mechanism.
An apparent amplification of drug resistance determinants has been reported by Rownd and collaborators for the Rplasmid system NR1 (also known as R222 or R100) in Proteus mirabilis (12) (13) (14) . This system, which appears to be more complex than our streptococcal system, actually involves two plasmids, a molecule designated the resistance transfer factor and an "r-determinant" molecule on which resides determinants for resistance to chloramphenicol, streptomycin, spectinomycin, and the sulfonamides. A tetracycline-resistance determinant (inducible by subinhibitory concentrations of TC) resides on the resistance transfer factor (12) . Prolonged growth of these cells in the presence of chloramphenicol or streptomycin results in a phenomenon called "transition" whereby a gradual gene amplification takes place that appears to involve the generation of multiple tandem sequences of "r-determinants" covalently attached to a single unit of the resistance transfer factor (14) . A correlation could be made between the increase in genetic material and an increase in the level of drug-inactivating enzyme. Whereas the entire "r-determinant" appeared to be amplified under these conditions, no increase in the level of TC-resistance was observed (15) . In addition they found that TC itself was not capable of promoting "transition" (12) . The lack of involvement of the TC-resistance determinant in amplification was thought to be due to its close association with the resistance transfer factor which appears to be under different replication-controls than the "r-determinant" molecules.
By virtue of its small size and the relative ease with which it can be isolated and analyzed, the a-plasmid of S. faecalis strain DS-5C1 represents a very simple bacterial system for studying mechanisms involved in gene amplification. Such studies would be facilitated further by making use of a strain that harbors only the a-plasmid, i.e., a strain lacking the 'y-plasmid. Such a strain has recently been constructed (Dunny, Yagi, and Clewell, unpublished data) by taking advantage of the streptococcal gene transfer phenomenon recently reported by Jacob and Hobbs (16) and Tomura et al. (17) . Studies in which this strain (which represents a new S. faecalis host for the a-plasmid) was used, indicate that, as in the case of DS-5C1, a molecular size-increase in plasmid DNA occurs in response to prolonged growth in the presence of TC. In addition, electron microscopic studies as well as analyses of Eco R1 endonuclease-generated fragments of the different forms of a (normal, deleted, and amplified) have yielded results totally consistent with the models presented above, providing strong support for the conclusion that "amplified" molecules contain tandem repeats of a 2.8 million dalton-segment of DNA (manuscript in preparation).
An interesting point related to these studies is that the total amount of "amplified" plasmid DNA relative to chromosomal DNA does not appear to be increased to an extent that would be expected for the increase in size of the DNA. This was apparent in the experiment of Fig. 2 (note the amount of a DNA relative to the y-plasmid) and has been observed repeatedly in a number of additional experiments. One interpretation of this would be that when the molecules are larger, there are fewer of them. If this were in fact the case, there are still enough TC-determinants per molecule to allow for a net increase in gene dosage.
